Background: The cause-effect relationship between bilateral oophorectomy and accelerated aging remains controversial. We conducted new analyses to further address this controversy. Methods: The Rochester Epidemiology Project records-linkage system was used to identify all premenopausal women who underwent bilateral oophorectomy for a noncancerous condition before age 50 years between 1988 and 2007 in Olmsted County, MN. Each woman was randomly matched to a referent woman born in the same year (±1 year) who had not undergone bilateral oophorectomy. We studied the rate of accumulation of 18 common chronic conditions over a median of approximately 14 years of follow-up (historical cohort study). Analyses were restricted to women free of any of the 18 chronic conditions at the time of oophorectomy (or index date). Results: After adjustments for race/ethnicity, education, body mass index, smoking, and age and calendar year at the index date, women who underwent oophorectomy before age 46 years experienced an accelerated rate of accumulation of the 18 chronic conditions considered together (hazard ratio = 1.24; 95% confidence interval: 1.12, 1.37; p < .001). The single-year incidence rate of new conditions was most different in the first 6 years after oophorectomy but the difference attenuated thereafter. Findings did not vary by surgical indication for the oophorectomy. Conclusions: Bilateral oophorectomy is associated with a higher risk of multimorbidity among women who did not have any of the 18 selected conditions at baseline. The association did not vary by surgical indication for oophorectomy. Our findings suggest that bilateral oophorectomy is causally linked to accelerated aging.
Levine and colleagues recently reported an association between bilateral oophorectomy and accelerated aging as measured by an epigenetic biomarker, the "epigenetic clock." They concluded that the premature loss of ovarian function may lead to an increase in the extent of DNA methylation, a biological marker of accelerated aging (1, 2) . Rocca and colleagues recently showed an association between bilateral oophorectomy performed before menopause and the rate of accumulation of multimorbidity using 18 defined chronic conditions (3) . Multimorbidity is a complementary clinical and epidemiological marker of accelerated aging (3) (4) (5) (6) . The two publications by Levine and colleagues and Rocca and colleagues provide important new evidence for a possible causal role of ovarian function in regulating the aging processes in women (1, 3) . However, it remains difficult in a nonexperimental setting to definitively test whether accelerated aging leads to symptoms that prompt bilateral oophorectomy or whether bilateral oophorectomy prompts accelerated aging (cause-effect uncertainty).
In our previous publication, the 1,653 women who underwent bilateral oophorectomy for a noncancer indication had more chronic conditions at the time of oophorectomy than the 1,653 referent women, suggesting that some degree of accelerated aging may have preceded the oophorectomy (3) . Therefore, we used inverse probability weights to minimize these differences (3, 7, 8) . Because this statistical method requires a number of assumptions, we are reporting here a set of alternative analyses restricted to women who did not have any of the 18 chronic conditions at the time of oophorectomy and we further stratified analyses by surgical indication.
Methods
The study sample and the methods of the Mayo Clinic Cohort Study of Oophorectomy and Aging-2 (MOA-2) have been reported extensively elsewhere (3) . In brief, in this historical cohort study, the Rochester Epidemiology Project (REP) records-linkage system was used to identify all premenopausal women who underwent bilateral oophorectomy before age 50 years for a noncancerous condition between 1988 and 2007 in Olmsted County, MN (9) . Each woman was randomly matched to a referent woman from the same Olmsted County population who was born in the same year (±1 year) and had not undergone bilateral oophorectomy. We studied the rate of accumulation of 18 common chronic conditions over a median follow-up of approximately 14 years (through December 31, 2014) (3) .
Details about the ascertainment of chronic conditions through the REP were reported elsewhere (3). In brief, the complete medical records were manually abstracted for demographic, reproductive history, family history of cancer, and life habits information and were searched electronically for all ICD-9 codes that each woman in the study received before and after the index date. In addition, we considered all causes of death listed on the death certificate.
These ICD-9 codes were used to define the 20 chronic conditions recommended by the U.S. Department of Health and Human Services (DHHS) to study multimorbidity (5, (10) (11) (12) . However, we excluded from the DHHS list human immunodeficiency virus infections, autism spectrum disorders, and hepatitis and added to the DHHS list anxiety as detailed elsewhere (18 selected conditions) (3, 13) .
Two statistical analysis approaches were used to address the cause-effect uncertainty: (i) we first restricted the analyses to women who did not have any of the 18 chronic conditions at the index date to study de novo development of morbidity and (ii) we then stratified the analyses by surgical indication for oophorectomy (benign ovarian condition vs no ovarian condition). The benign ovarian condition (eg, cysts, endometriosis) was listed by the gynecologist in the medical record as the indication for oophorectomy. Women without a benign ovarian condition were historically considered to have "prophylactic," "elective," or "incidental" oophorectomy.
Women were censored at death, at the last contact with the system, or on December 31, 2014. The accumulation of multimorbidity was represented graphically using Aalen-Johansen curves (a multistate generalization of cumulative incidence curves; unadjusted curves considering all 18 chronic conditions equally). We also plotted single-year incidence rates for new conditions (per 100 personyears) as a measure of instantaneous density incidence rather than cumulative incidence. We computed hazard ratios (HRs) using Andersen-Gill regression models with age as the time scale (14) (15) (16) . None of the models violated the proportional hazards assumption. In each analysis, we calculated unadjusted HRs and HRs adjusted using inverse probability weights derived from a logistic regression model including years of education (0-12, 13-16, >16 years), race/ ethnicity (white vs other), body mass index (BMI < 30 vs ≥30 kg/m 2 ), cigarette smoking (current or former vs never), and age and calendar 
Note:
a The total numbers of chronic conditions are also reported in Table 2 , first row. Note: ET = estrogen therapy.
a Referent women were stratified based on the original matching with the oophorectomy women for age at oophorectomy, estrogen therapy, surgical indication, and calendar year. However, they were stratified for smoking based on their own smoking status. Hazard ratios calculated using Andersen-Gill regression models with age as the time scale and adjusted using inverse probability weights derived from a logistic regression model including years of education (≤12, 13-16, >16), race/ethnicity (white vs non-white), body mass index (<30 vs ≥30 kg/m 2 ), cigarette smoking (current or former vs never), age at index date (continuous), and calendar year at index date (continuous). These adjustments were done separately in each stratum to maximize the balance at index date. In the overall analysis, the range of the stabilized inverse probability weights was 0.7-2.1 for the oophorectomy women and 0.7-1.4 for the referent women. None of the interactions by age was significant. Women without a benign ovarian condition. Historically, the terms "prophylactic," "elective," or "incidental" oophorectomy were used; however, we prefer to avoid these terms. year at index date (continuous). We used inverse probability weights to balance the oophorectomy and the referent cohort at baseline on potential confounders and we assessed the balance obtained using the standardized difference of means (absolute value) (7, 8) . In addition to the analyses stratified by surgical indication, we explored possible interactions using analyses stratified by age at oophorectomy (cutoff ≤ 45 years consistent with the definition of premature or early menopause), estrogen therapy (ET; within age strata), calendar year, and smoking. Referent women were stratified based on the original matching with the oophorectomy women for surgical indication, age at oophorectomy, calendar year, and ET. However, they were stratified for smoking based on their own smoking status.
Results
We restricted the initial full cohorts of 1,653 women who underwent oophorectomy and 1,653 referent women to 659 women who underwent oophorectomy and 888 referent women who did not have any of the 18 chronic conditions at baseline. To increase statistical power, all women free of any condition at the index date were included, regardless of the original matching. In the oophorectomy cohort, the median age at index date was 44. Tables 1 and 2 and Figure 1 show the results of our cohort analyses. The counts for the 18 chronic conditions in the overall analysis were reported in Table 1 . The two cohorts were not highly imbalanced before the adjustments using inverse probability weights (standardized difference of means < 25% of the SD for all variables) and the adjustments improved the balance successfully (standardized difference of means < 5% of the SD; data not shown). The range of the weights used in the overall analysis was reported in Table 2 (footnote b). The HR for the accumulation of multimorbidity after bilateral oophorectomy was 1.18 overall (95% CI: 1.09, 1.28; p < .001) and 1.24 (95% CI: 1.12, 1.37; p < .001) in women who underwent oophorectomy at age 45 years and younger. The single-year incidence rate of new conditions was most different between oophorectomy and referent women in the first 6 years following the oophorectomy (Figure 2 , shaded area) but the difference attenuated thereafter. To address the cause-effect uncertainty further, we also stratified women free of chronic conditions at baseline into those who did and those who did not have a benign ovarian condition listed as the surgical indication. In women who did not have a benign ovarian indication, the HR for accumulation of multimorbidity was 1.18 overall (95% CI: 1.07, 1.30; p = .001) and 1.24 in women aged 45 years and younger at index date (95% CI: 1.07, 1.45; p = .006). The HRs were similar , for all ages at oophorectomy (age ≤49 years), ages ≤45 years at oophorectomy, and ages 46-49 years at oophorectomy. In all three panels, the curve for women who underwent bilateral oophorectomy showed a more rapid accumulation of conditions in the first 6 years after oophorectomy (shaded area) but remained approximately parallel thereafter. The curves are unadjusted; however, the HRs shown in the panels were adjusted using inverse probability weights. HR = hazard ratio. Single-year incidence rates of multimorbidity after bilateral oophorectomy. Single-year incidence rates for new conditions (per 100 person-years; instantaneous density incidence) for all ages at oophorectomy (age ≤49 years), ages ≤45 years at oophorectomy, and ages 46-49 years at oophorectomy. In all three panels, the single-year incidence rate curves were most different in the first 6 years after the oophorectomy (shaded area) but the difference attenuated thereafter. The curves are unadjusted; however, the HRs shown in the panels were adjusted using inverse probability weights. Overlapping circles (for oophorectomy women) and triangles (for referent women) were plotted side by side (jittering). HR = hazard ratio.
for women who did have a benign ovarian indication. Women who underwent bilateral oophorectomy at age 45 years and younger and received ET through age 45 years had a lesser accumulation of multimorbidity compared to women who did not receive ET. However, the difference between the two strata did not reach statistical significance (Table 2) .
Discussion
Although a subset of women who underwent bilateral oophorectomy in our population had one or more chronic conditions present at the index date, approximately 41% of women who underwent oophorectomy at age 45 years and younger and 57% of the agematched referent women had none of the 18 study conditions (3). In our analyses restricted to women free of any of the 18 conditions at baseline, women who underwent bilateral oophorectomy experienced subsequent accelerated aging regardless of whether there was an ovarian surgical indication. The 367 women who did not have any of the 18 conditions at index date and did not have an ovarian condition prompting the oophorectomy, can be considered an optimal sample to resolve the cause-effect uncertainty about the association of bilateral oophorectomy and accelerated aging (17) . Our findings provide additional observational evidence that bilateral oophorectomy adversely impacts the aging process. It remains unclear which ovarian functions or specific hormones might be involved in accelerating aging after bilateral oophorectomy (17) (18) (19) (20) . Our analyses stratified by ET did not show a significant effect possibly because of limited statistical power, because of the variable effects of ET across the 18 chronic conditions, and/or because of the variable doses and formulations of ET. In summary, our study suggests that bilateral oophorectomy is causally linked to accelerated aging.
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